Crop plants, whose productivity is affected by a wide range of growing and environmental conditions, are grown for economic purposes. Transcription factors (TFs) play central role in regulation of many biological processes, including plant development and responses to environmental stimuli, by activating or repressing spatiotemporal gene expression. Here, we describe the TreeTFDB (http://treetfdb.bmep.riken. jp/index.pl) that houses the TF repertoires of six economically important tree crop species: Jatropha curcas, papaya, cassava, poplar, castor bean and grapevine. Among these, the TF repertoire of J. curcas has not been reported by any other TF databases. In addition to their basic information, such as sequence and domain features, domain alignments, gene ontology assignment and sequence comparison, information on available full-length cDNAs, identity and positions of all types of known cis-motifs found in the promoter regions, gene expression data are provided. With its newly designed and friendly interface and its unique features, TreeTFDB will enable research community to predict the functions and provide access to available genetic resources for performing comparative and functional genomics of the crop TFs, either individually or at whole family level, in a comprehensive and convenient manner.
Introduction
Transcription factors (TFs), which bind to cis-regulatory sequences and either activate or repress gene expression, control many biological processes, such as development, growth, cell division and responses to environmental stimuli. 1 -6 The TFs form complex regulatory networks at the transcriptional level and through protein -protein interactions among themselves or with proteins of other classes such as RING E3 ligases for degradation or chromatin modifying proteins to recruit or block access of RNA polymerases to the DNA template. 7 -9 The specific interactions between TFs and consensus cis-motifs play a key role in the regulation of proteins to affect spatial and temporal gene expression. 10 Proper characterization of particular TFs often requires study in the biological context of a whole family because functional redundancy is common within the families. Identification, characterization and annotation of TF repertoires from different plant species will provide an insight into TF organization and evolution as well as a basic foundation for comparative and functional genomics of the TFs. 11, 12 Additionally, from a biotechnology perspective, identification and functional analyses of TFs are especially important for improvement of plant performance and seed quality under adverse conditions. 3, 13 Given the importance of TFs, in the last decade, the availability of complete plant genome sequences and the development of various software tools have enabled scientists to identify TF sets from various plant species and compile their basic information in a number of species-specific TF databases 14 such as RARTF, 15 DRTF, 16 SoybeanTFDB, 17 SoyDB 18 and TOBFAC 19 or integrative databases such as DATFAP, 20 Grassius, 21 PlnTFDB, 22 LegumeTFDB, 23 GramineaeTFDB 24 and PlantTFDB. 25 Among these databases, the SoybeanTFDB (http://soybeantfdb.psc.riken. jp/), LegumeTFDB (http://legumetfdb.psc.riken.jp/) and GramineaeTFDB (http://gramineaetfdb.psc.riken. jp) have been constructed by our group during the last three years with the focus on economically important legume and grass crops. 26 The recent completion of the genome sequences of several important tree crops has enabled us to develop the TreeTFDB (http:// treetfdb.bmep.riken.jp/index.pl) to accelerate biomass engineering researches for development of bioenergy resources through genetic engineering of TFs. TreeTFDB comprises the TF sets from six important tree crops, namely the jatropha (Jatropha curcas), papaya (Carica papaya), cassava (Manihot esculenta), poplar (Populus trichocarpa), castor bean (Ricinus communis) and grapevine (Vitis vinifera). Among these, the TF set of jatropha has not been reported by any other public databases because the genome sequence of jatropha has just been made available to public very recently. 27 In addition to the basic information, such as sequence features, domain alignments and gene ontology (GO) assignment, TreeTFDB also provides information on available full-length cDNA (FL-cDNA), genomic distribution, multiple sequence alignment, gene expression data and the sequences and positions of all types of known cis-motifs found in the promoter regions.
Materials and methods

Identification of TF repertoires in six tree crops
The bioinformatics approach established previously was used to identify the complete sets of TFs from the annotated proteomes of jatropha, papaya, cassava, poplar, castor bean and grapevine. 17, 28 A predefined threshold of E , 1e-5 was used as the common value cutoff for HMMER search using 61 built HMM profiles. 17, 29 The criteria described previously for the classification of each TF family were applied. 30 The TFs identified by initial HMMER search were subsequently subjected to homology search (blastp E-value 1e-30) with known TFs of Arabidopsis and rice to confirm the HMMER search results based on the results of homology search as described previously. 24 TFs for which the homology search yielded results of blastp E-value between 1e-30 and 1e-5 were inspected manually to exclude false-positive hits and determine the true E-value for each family (TreeTFDB Help page, Statistics).
Structural and functional annotations
of putative TFs Structural and functional annotations of putative TFs were done as described previously. 17 All the similarity searches using blastn were performed with a threshold E-value , 1e-100 against available nucleotide sequence resources, such as clustered expressed sequence tags and target sequences of microarrays, and the top scoring hit for each query was applied and displayed in 'Corresponding to other identifiers'. All similarity searches with blastp against protein datasets [National Center for Biotechnology Information (NCBI) nr, Arabidopsis annotated proteins from TAIR10, UniProt, rice annotated proteins from Michigan State University rice genome annotation project] were performed with a threshold E-value , 1e-5 to find possible functional descriptions for TF-encoding genes and putative homologs among tree TFs in TreeTFDB. The top scoring hit for each query was applied. The TFs were assigned to possible GO terms based on a blastp similarity search (E-value , 1e-10) using the dataset of Arabidopsis of TAIR10 as previously described. 24, 31 2.3. FL-cDNA resources for TF-encoding genes Hyperlinks linking putative TF-encoding genes of poplar and cassava to their respective FL-cDNA resources publicly available at http://rpop.psc.riken. jp/index.pl (RPOPDB: RIKEN Populus Database) and http://cassava.psc.riken.jp/ver.1/ (Cassava Online Archive) databases were built and supplied on TreeTFDB. FL-cDNA information was also used to verify the annotation of the poplar and cassava TFencoding genes during the manual inspection.
Promoter regions and discovery of cis-regulatory
motifs in promoter regions of TF genes The 2500, 21000 and 23000 bp upstream sequences from the putative transcription start site (TSS) for each TF-encoding gene were extracted from the respective genomic sequence dataset of each tree crop. TSSs were defined as start site of 'mRNA' 32 and 12 major stress-and/or hormone-responsive cis-motifs reported previously 10, 33 was done as described previously. 17 The cis-element search results were implemented into the TreeTFDB as a searchable property. In addition, these search results were also incorporated as an annotation track of Generic Genome Browser (Gbrowse). 34 
Expression data for TF-encoding genes
Gene expression data of putative TF-encoding genes in poplar and grape were obtained based on correspondences between putative TF-encoding genes and GeneChip target sequences. Subsequently, the hyperlinks to PlexDB (http://www.plexdb.org/) and eFP browser (http://bar.utoronto.ca/efp_poplar/cgibin/efpWeb.cgi) for poplar TF-encoding genes and those to PlexDB for grapevine TF-encoding genes were built and supplied on TreeTFDB. In addition, gene expression patterns in castor bean obtained through analysis of RNA-sequencing transcriptomes 35 were also compiled, and expression data available for corresponding TFs were extracted and supplied on TreeTFDB.
Construction of a web-accessible database
The database is implemented in MySQL and the web interface of Perl CGI and Java script run on the Apache Web server. The definition strings used for sequence similarity searches for each database, the domain searches by InterProScan, cis-motif names from the PLACE database and the assigned GO terms were assembled as a keyword database, enabling users to specify queries on any keyword and to retrieve relevant information for genes from the TreeTFDB. A BLAST server was implemented to provide a similarity search interface for queried sequences using NCBI BLAST together with sequences of the six tree crops, as well as those from Arabidopsis. Gbrowse was also implemented in TreeTFDB to visualize the gene annotations of the putative TF-encoding genes together with cis-motifs found on the upstream sequence of the TF genes. The cross-references of corresponding data for each of the entries were also implemented into the TreeTFDB together with the URLs for each of the original referenced data to provide hyperlinks on the web interface with seamless navigations.
Results and discussion
3.1. Identification of putative TFs in jatropha, papaya, cassava, poplar, castor bean and grapevine The strategy and bioinformatics pipeline established previously for identification of the TF repertoire of soya bean were used to identify the complete sets of TFs from the annotated proteome of jatropha. 17 To our knowledge, the TF set of jatropha has not been reported by any other databases. Although the TF repertoires of papaya, cassava, poplar, castor bean and grapevine are available in PlantTFDB, 25 with the aim to make the comparative and functional genomics of the tree crop TFs convenient, we also used the same bioinformatics approach to identify the TF repertoires of these five tree crops. The sequence data of jatropha (JAT_r3.0) were downloaded from Kazusa DNA Research Institute (http://www.kazusa.or. jp/jatropha/), whereas for the papaya (Cpapaya_113), cassava (Cassava4.1 gene set, Mesculenta_147), poplar (JGI v2.2 gene annotation, Ptrichocarpa_156), castor bean (TIGR/JCVI release v0.1, Rcommunis_119) and grapevine (Genoscope 12X March 2010 release, Vvinifera_145), the release version of annotated proteome datasets was downloaded from Phytozome (v.7.0) (http://www.phytozome.net/). The results gained from the bioinformatics pipeline using a predefined threshold of E , 1e-5 were subsequently refined by combined automatic and manual inspections of the raw alignments to exclude false-positive hits and determine the true E-value for each TF family. A total of 1548, 1481, 2636, 3106, 1510 and 1492 TF models were identified in papaya, jatropha, cassava, poplar, castor bean and grapevine, respectively. As our pipeline is similar to the method used by PlnTFDB, 36 among the TF repertoires of three tree species reported by both PlnTFDB and TreeTFDB, two species have difference in TF numbers with less than 5% (1483 and 2930 in PlnTFDB versus 1548 and 3106 in TreeTFDB for C. papaya and P. trichocarpa, respectively). As for the third tree species, V. vinifera, the difference is approximately 14% (1728 in PlnTFDB versus 1492 in TreeTFDB), which may be due to the use of different sequence versions for TF identification. PlnTFDB used Genoscope, release version 1.0, whereas we used the newest version from Phytozome.
All the 6 TF sets were classified into 61 TF families based on the presence of their specific signature domains ( Table 1 ). The number of predicted TFs in each family may be changed by future updating of sequence versions and/or fine-tuning of gene annotations. The identified TF sets of the six tree crops together with their basic features, such as Gbrowse to provide the genomic structure and position of each TF entry, gene and protein sequence information (Fig. 1 ). We will continue to update our database with new information, when it becomes available, to enhance the accuracy of TF prediction and annotation.
Annotations of the tree crop TFs
In the next line of the study, extensive annotations at both gene and family levels were carried out to provide comprehensive information on the identified TFs of the six tree crops (for details, see the TreeTFDB Help page). A search for potential functions of the identified TFs of these tree crops by analysis of published papers on PubMed database has revealed that the majority of their TFs are functionally unknown. Thus, as a means to provide a knowledge base regarding their biological function, especially in stress responses and plant development, the putative functions of the identified TFs of the tree crops were assessed via comparative analyses with relevant GO annotations of Arabidopsis. All the assigned terms at the biological process level obtained from sequence similarity searches against Arabidopsis counterparts that have GO terms in TAIR10 were counted to grasp the overall representation of 11 broad categories (GO slim) in applied entries of crop TFs (Fig. 2) . A substantial proportion of the analysed TFs were shown to be related to stresses and/or their stimuli as well as plant development (Fig. 2) . These data indicate that regulation of stress-related biological processes can also be considered one of important events as for the functionality of the plant TFs. This GO-based functional annotation overall provides an insight into potential functions of identified TFs of these tree crops, supporting researchers in selection of TFs of interest for further studies.
Promoter regions of the identified TFs and
discovery of known cis-element(s) in these TF promoter regions The specific interactions between cis-regulatory sequences and a family of TFs play a central part in how genetic regulatory proteins affect spatial and temporal gene expression. 4 Increasing evidence has suggested that the cis-motifs are highly conserved among plant species, and defined cis-elements can effectively aid in functional prediction of genes 37 -40 such as stress-responsive or hormone-responsive genes based on combinatory relationships of cismotifs. 38, 41 In plants, extensive promoter analyses have identified a large number of cis-motifs that are known to be essential for transcriptional regulation of gene activities controlling various biological processes, including plant development, stress responses and hormone responses. 10, 32, 33, 41 To make the promoter analyses convenient for the geneticists and to facilitate the functional characterization and prediction of the TFs, especially the stress-related TFs, first we retrieved the 2500, 21000 and 23000 promoter regions of all the TF genes (upstream from the TSSs) from the genomic sequences of the tree crops and provided these promoter sequences together with the TF gene and protein sequences on TreeTFDB for convenient downloading. Subsequently, these promoter regions were subjected to an The top page of TreeTFDB displays TF families and number of TFs of each TF family identified in six tree crops: J. curcas, C. papaya, M. esculenta, P. trichocarpa, R. communis and V. vinifera. By clicking on 'Go to TF search', the users will be directed to the search page that provides search queries for the names of TF families, keywords, sequence identifiers, identifiers of domains supported by InterProScan, GO terms and available cis-motifs for each tree species. (B) An example of a search result. By clicking on a species, such as P. trichocarpa, and a TF family, such as NAC, the users will be navigated to page listing search results for the TF family with a description of corresponding genes based on similarity searches. Table  S1 ). 10, 32, 33 Type, position and sequence of the ciselement(s) identified in each promoter region of each TF are provided on the detailed page of each TF gene under 'cis-motif prediction' keyword. Our database also provides the 'cis-motif (stress responsive)', 'cis-motif (hormone responsive)' and 'cis-motif (PLACE)' search functions that enable the users to search conveniently for all types of analysed cis-motifs in promoter region of any TF and/or search for those TFs that contain the cis-motif(s) of interest. In combination with GO annotations, these data remarkably facilitate the systematic functional predictions of the tree TFs. For instance, with the help of the TreeTFDB, users can use the 'cis-motif (stress responsive)' search function to identify TF genes harbouring known stress-responsive cis-motif(s) in their promoter regions. Next, they can screen the identified TFs using GO annotation provided for each TF on detailed annotation page (Fig. 3) . Thus, we will be able to predict the putative stress-responsive TFs based on combinatory analyses of stress-responsive cis-motif(s) and the associated stress-responsive GO terms. Finally, expression profiling approach should be used to verify the predicted stress-responsive function prior to the launching of laborious in planta functional studies.
Expression patterns of TF-encoding genes from
poplar, grapevine and castor bean Gene expression data generated by high-throughput expression profiling experiments, such as microarray analysis, RNA-sequencing, are known to comprise one of the effective genomic resources for functional prediction. A combined analysis of gene expression, GO, cisregulatory elements and coexpression neighbourhood will perfectly enable us to predict gene functions for unknown genes. 42, 43 For instance, positive correlation has been found between the existence of cis-regulatory motifs and tissue-specific and/or stress-responsive expression patterns by either in silico or genetic inspection. 42 To make our database a comprehensive integrated database for functional characterization and selection of stress-responsive TFs, we have searched public resources for available expression datasets of the six tree crops with the aim to link the TF-encoding genes to their respective expression. Among the six tree crops, three species, namely poplar, grapevine and castor bean, were found to have large-scale expression datasets for further analyses. The datasets for poplar could be obtained from PlexDB and eFP browser websites while that for grapevine and castor bean from PlexDB and a RNA-sequencing project, 35 respectively. Hyperlinks linking to PlexDB and eFP browser were then built and supplied on TreeTFDB to provide access to the expression profiles of those poplar and grapevine TF-encoding genes for which data are available. The available expression datasets available at PlexDB, which were obtained through microarray analyses, have enabled us to examine the expression patterns of a significant number of polar and grape TF-encoding genes in response to their pathogens and symbionts as well as abiotic stressors, such as drought, high salinity and high temperature. On the other hand, hyperlinks linking to eFP browser will allow the users to access expression profiles of many poplar TF-encoding genes in several organs, such as roots, leaves and catkins and light-grown or Figure 2 . The representative distributions of the broad GO categories associated with TFs from J. curcas, C. papaya, M. esculenta, P. trichocarpa, R. communis and V. vinifera. The GO categories were assigned based on homology searches against annotated Arabidopsis genes (blastp homology search with E-value , 1e-10).
No (Fig. 1B) .
Web interface of TreeTFDB
All the data obtained through this study were integrated to create TreeTFDB (http://treetfdb.bmep. riken.jp/index.pl) with the aim to provide a convenient environment for comparative and functional genomics of the tree crop TFs at both individual and family levels. The web-based user interface of TreeTFDB is (Fig. 1A) . The TF search interface for each species provides 7 types of search queries for names of TF families, keywords, gene identifiers, identifiers of domains supported by InterProScan, GO terms and all available cis-motifs documented in the PLACE database (http://www.dna.affrc.go.jp/PLACE/) as well as 12 known abiotic stress-and/or hormone-responsive cis-motifs published previously 10, 33 (for details, see the TreeTFDB Help page). By clicking on a species and then a TF family of interest, such as poplar and NAM-no apical meristem, ATAF-Arabidopsis transcription activation factor and CUC-cup-shaped cotyledon TF family, users will be navigated to the page listing all the identified members of the TF family (Fig. 1B) .
Users can then click on a gene ID and conveniently access the detailed information on gene annotations, including gene structure, cDNA and protein sequences, domain structure predicted by InterProScan, domain alignments, promoter regions, predicted cis-regulatory motifs in 2500, 21000 and 23000 bp promoter regions of the TF gene as well as clusters of homologous proteins within families and GO terms derived from GO annotation using comparative analysis with their Arabidopsis counterparts (Fig. 3) . Additionally, the data supplied are available not only for viewing through the web interface but also for immediate downloading via the 'Download' search key (Fig. 1A) . In terms of similarity (blastp) with TFs from trees or non-tree plants, such as Arabidopsis, maize and rice, TreeTFDB supplies not only the results of blastp and clustered protein families but also links to either species-specific TF 
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þ, Available; 2, Not available; NA, data are not available for analysis. Fig. 3D and E) . This feature provides a unique option for comparative studies of TF repertoires not only among tree species but also between tree and non-tree plants ( Fig. 3D and E) . For poplar and cassava, hyperlinks linking their TF-encoding genes to available FL-cDNA clones reported in public repositories are also provided in detailed pages under 'Corresponding to other identifiers' (Fig. 3F) . Furthermore, we supplied on TreeTFDB hyperlinks linking directly the TFs of poplar and grapevine to their expression patterns documented in public and freely available resources (Fig. 3J) . The expression profiles of the castor bean TF-encoding genes, for which data are available, in five different tissues are also provided on the detailed page of the TreeTFDB for immediate viewing. These expression data together with information of cis-motif analyses, GO annotations and sequence similarities inferred from comparative analyses of the tree crops can facilitate the systematic functional predictions of identified TFs. Finally, in comparison with PlnTFDB and PlantTFDB, which provide three and five TF repertoires out of six species analysed by TreeTFDB, the TreeTFDB has several major updates, allowing the users to access a number of new information and features that are not available on PlnTFDB and PlantTFDB even for the TF repertoires provided on these databases. Table 2 summarized the major differences among these three databases.
Conclusions
The interactions between TFs and cis-regulatory DNA sequences control gene expression, constituting the essential functional linkages of gene regulatory networks. Knowledge gained from cis-elements, GO annotation and expression data will enable effective functional prediction of the identified TFs. With its friendly user interface, TreeTFDB will, therefore, meet the broad demands of researchers who strive to perform research on tree TFs with the goal of gaining greater understanding of their regulatory roles in different signalling pathways, underlying plant development, differentiation and environmental responses, ultimately leading to development of varieties with improved performance.
Supplementary data: Supplementary Data are available at www.dnaresearch.oxfordjournals.org. 
